Medicinal pteridophytes are an important group used in traditional Chinese medicine; however, there is no simple and universal way to differentiate various species of this group by morphological traits. A novel technology termed "DNA barcoding" could discriminate species by a standard DNA sequence with universal primers and sufficient variation. To determine whether DNA barcoding would be effective for differentiating pteridophyte species, we first analyzed five DNA sequence markers (psbA-trnH intergenic region, rbcL, rpoB, rpoC1, and matK) using six chloroplast genomic sequences from GeneBank and found psbA-trnH intergenic region the best candidate for availability of universal primers. Next, we amplified the psbA-trnH region from 79 samples of medicinal pteridophyte plants. These samples represented 51 species from 24 families, including all the authentic pteridophyte species listed in the Chinese pharmacopoeia (2005 version) and some commonly used adulterants. We found that the sequence of the psbA-trnH intergenic region can be determined with both high polymerase chain reaction (PCR) amplification efficiency (94.1%) and high direct sequencing success rate (81.3%). Combined with GeneBank data (54 species cross 12 pteridophyte families), species discriminative power analysis showed that 90.2% of species could be separated/identified successfully by the TaxonGap method in conjunction with the Basic Local Alignment Search Tool 1 (BLAST1) method. The TaxonGap method results further showed that, for 37 out of 39 separable species with at least two samples each, between-species variation was higher than the relevant within-species variation. Thus, the psbA-trnH intergenic region is a suitable DNA marker for species identification in medicinal pteridophytes.
Medicinal pteridophytes have a long history in traditional Chinese medicine because they are an abundant source of chemical compounds with a wide range of pharmacological activities. 1) Recently, Huperzia species of this group of medicinal plants has been used to treat patients with Alzheimer's disease.
2) However, there is a long-standing problem of mixing authentic species with their adulterants in medicinal preparations. This problem has consequences for medical safety as well as for the conservation of the authentic species. [3] [4] [5] The classical morphological authentication approach was confronted with difficulties due to overly similar traits used for taxonomic characterization 6, 7) and an everdecreasing number of specialists.
A new technology for rapid, accurate and convenient species identification termed "DNA barcoding" was recently developed. [8] [9] [10] DNA barcoding uses a standard DNA sequence that can be amplified by universal primers and that possesses sufficient variation. A segment of the mitochondrial cytochrome c oxidase I gene is widely accepted as the standard barcode region in animals. 11) In plants, however, no equivalently accepted DNA barcode has been identified, despite the fact that many resolutions have been proposed in the leading literature. [12] [13] [14] [15] [16] Previous studies has demonstrated the value of DNA barcoding technology in authentication of medicinal plants species from some taxa, 17, 18) but DNA-based species identification using a large set of medicinal pteridophytes has not been carried out. Until now, most studies of pteridophyte DNA sequences have focused on phylogenetic placement. 19, 20) Results derived from pteridophyte samples with small coverage may not be readily extendable to other pteridophytes. 12, 13, 21) Furthermore, some of the studies suggesting the possibility of species identification using standard DNA sequences were carried out within a narrow pteridophyte taxon (such as the family).
22) The goal of this paper was to test the feasibility of species identification in medicinal pteridophytes across a wider taxon range with a convenient DNA marker. To select the best DNA barcode, we conducted a series of tests with criteria such as PCR amplification efficiency, direct sequencing success rate and separability between species.
MATERIALS AND METHODS

Samples and DNA Sequences Used in This Study
A total of 79 medicinal pteridophyte samples were used in this study (Table 1) . These samples represented 51 species across 24 families, and they included all 11 authentic species listed in the Chinese pharmacopoeia (2005 version) and some commonly used adulterants. The voucher samples were authenticated by Prof. Yulin Lin of IMPLAD (the Institute of Medicinal Plant Development), Chinese Academy of Medicinal Sciences and deposited in the Herbarium IMPLAD.
In addition, 109 sequences ( 
Humata tyermanni Davalliaceae ϩ Ϫ NA Selaginella remotifolia Selaginellaceae Ϫ NA NA Note: the "ϩ" sign means a positive result; the "Ϫ" sign means a negative result; and "*" indicates sequencing failed due to poly-structure; NA: Not applicable. Identification of Universal Primers All chloroplast genomic data (FJ556581 Alsophila spinulosa; DQ821119 Angiopteris evecta; AY660566 Huperzia lucidula; AY178864 Adiantum capillus-veneris; AP004638 Psilotum nudum; AB197035 Selaginella uncinata) belonging to pteridophytes was downloaded from GenBank (176.0 version). Five frequently recommended fragments, namely, the psbA-trnH intergenic region (hereinafter psbA-trnH), rbcL, rpoB, rpoC1, and matK, were extracted from each genomic sequence according to its annotation. Six sequences of the same kind of fragment were aligned by Clustal W individually, and primers were searched for from the alignment files by Primer Premier 5 software (PREMIER Biosoft Int., Palo Alto, CA, U.S.A.).
DNA Extraction, Polymerase Chain Reaction (PCR) Amplification and DNA Sequencing Total DNA was extracted from silica-gel dried leaf tissues using the Plant Genomic DNA Kit (Tiangen Biotech Co., China). PCR experiments were conducted depending on the results of the analysis, and the general PCR conditions used were the same as described previously 9, 23, 24) with annealing temperatures modified when needed. After electrophoresis, the PCR products were purified using the Gel Band Purification Kit (Tiangen Biotech Co., China) and then sequenced on an ABI 3730XL sequencer (Applied Biosystems Inc.). Sequence editing and contig assembly were carried out using CodonCode Aligner V 3.5.1 (CodonCode Co., U.S.A.). PCR amplification efficiency and direct sequencing success was calculated with species units. A species was recorded as positive when at least one of its individuals was amplified or sequenced successfully.
Species Discriminative Power Analysis Species identification analysis employed two methods, the Basic Local Alignment Search Tool 1 (BLAST1) method 25) and the TaxonGap method. 26) Species and infraspecific taxa were treated as conspecies. A species was recorded as positive when at least one of its individuals was identified or separated successfully. The identification success rate was measured as the number of species which have the specific sequence to that of all species suitable for dada analysis. In the BLAST1 method, species determination was based on the best hit of the query sequence and an E-value for the match less than a cutoff value. In the TaxonGap method, species discriminative power was analyzed with the TaxonGap software (version 2.4.1) by comparing the minimum distance (defined as separability) between certain species and their closest neighbor and the maximum distance (defined as heterogeneity, if available) within the species. The distance between a species and its closest neighbor was determined by a similarity matrix which was calculated using the program AlignX (Vector NTI Suite v 9, InforMax, North Bethesda, MD, U.S.A.) with an engine based on the Clustal W algorithm. Due to display accuracy limitations of the TaxonGap method, the results required some manual calibration.
RESULTS AND DISCUSSION
DNA Marker Selection Several forward and reverse primers were designed using Primer Premier 5 under default settings in the alignment files of psbA and trnH fragments, including the pair of primers proposed by Kress et al. 9) However, no universal primers could be identified for the loci of rbcL, rpoB, rpoC1, or matK. Thus, we concluded that the only consensus primers available for wider pteridophyte taxa are those for psbA-trnH. Further tests were carried out with the proposed psbA-trnH primers (forward primer 5Ј-GTTAT-GCATGAACGTAATGCTC-3Ј; reverse primer 5Ј-CGCGC-ATGGTGGATTCACAATCC-3Ј) to maintain consistency with data from other taxa like flowering plants.
9) The hypothesis was supported by a preliminary study using a single primer pair per locus, which showed that the PCR efficiency of psbA-trnH was above 90%, while that of all the other loci was below 50%. The hypothesis was also proven to a certain extent by another study that showed that universal primers did not exist for a small amount of pteridophyte samples (7 species from 3 genera) for the four loci rbcL, rpoB, rpoC1, and matK.
21)
PCR Efficiency and Sequencing Success of psbA-trnH
The PCR products were subjected to electrophoresis, and bands were detected from 48 out of 51 species. This result is 1922 Vol. 33, No. 11 Species followed by an asterisk were excluded from the analysis due to controversy in the literature and/or complex taxonomical relationships. equivalent to a PCR efficiency of 94.1% (Table 1 ). The result supported our hypothesis that psbA-trnH might be amplified with a single pair of primers across a wider range of pteridophyte taxa and from a larger amount of pteridophyte samples than in other studies (7 and 4 species each). 13, 21) We obtained sequences from 39 out of 48 species with electrophoretic bands available, giving a success rate of 81.3%. We anticipate that poly-structures may have been responsible for the sequence failure in 7 of the remaining 9 species (Table 1 ). The high sequencing success rate supported the notion that the psbA-trnH locus could become widely used in medicinal pteridophytes. However, the problem of long mononucleotide repeats leading to poorer quality sequences requires more attention 27, 28) and further testing. Species Identification Capability of psbA-trnH The results form the BLAST1 method showed that 16 species was ambiguously identified (Table 3) . Excluding eight species (please see reasons in next paragraph), we had 74 identifiable species out of 82 ones, in other words, the identification success rate was 90.2%. The result from the TaxonGap method (Fig. 1 , shows 82 species suitable for statistics) also demonstrated that the sequences for 74 species were specific enough to be separated from their neighbors (for some species, they could not be shown to be detachable but in fact had 1-3 bases different from their neighbors). Furthermore, for 37 out of 39 separable species having at least two samples, the between-species variation was higher than the within-species variation. Thus, we concluded that psbAtrnH would provide sufficient variation for species identification within medicinal pteridophyte and even for a wider range of pteridophyte taxa. This conclusion echoes the opinion that high sequence divergence among species makes psbA-trnH a promising barcode in flowering plants. 9) This also supports our notion that the psbA-trnH locus is worth further testing as a candidate pteridophyte DNA barcode.
It should be noted that eight species failed to be separated/identified for the reasons of synonyms, 29) controversial reports 30) or complex relationships. 31, 32) These species were excluded from further analysis in this paper. We also noted that eight species from GenBank in the genus Huperzia do not have a species-specific psbA-trnH sequence (Fig. 1) , and this contributed to the failed identification cases in this paper. It suggests that the failure of psbA-trnH in species recognition may be due to insufficient variation in certain subgroups of pteridophytes. Therefore multiple markers will be needed to perfect a DNA-based species identification system. This paper proved that the chloroplast psbA-trnH intergenic region has universal primers available and sufficient variation to identify medicinal pteridophytes commonly used in China and potentially even wider taxa. The left panel shows the complete list of species used in this study, including sequences we generated and those retrieved from GenBank. The right panel depicts the within-species heterogeneity and between-species separability for psbA-trnH as horizontal light grey and dark grey bars, respectively. The right panel also shows the names of the closest relatives identified by the similarity method. Species followed by a pound sign have differences of 1-3 bases with their neighbor that could not be read due to methodological limitations.
